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Abstract

The quest for sustainable energy sources has led to an increased focus on wind energy as a viable
and eco-friendly solution. However, the efficiency of wind turbines is constrained by various
factors, including heat transfer limitations. This research paper explores the fluid mechanics and
thermal management strategies to enhance heat transfer in wind turbines. The study aims to
address the existing gaps in the understanding of heat transfer mechanisms within these systems
and proposes innovative strategies to improve overall performance.
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Introduction

In response to the world's rising energy needs, wind turbines have become an important source
of renewable energy. The effective regulation of heat transfer within these systems, however,
becomes more vital as wind turbine technology develops and larger, more potent turbines are
created (Ahmed et al., 2022). The performance, dependability, and lifetime of wind turbines
depend on the efficient dissipation of heat produced inside of them. Wind turbines generate heat
from a variety of sources. Turbulent airflow is produced by aerodynamic forces acting on the
rotor blades, which causes mechanical losses and heat production. In addition, when operating,
electrical parts including control systems, power converters, and generators generate heat (Al-
Mudhafar et al., 2021). These heat sources can result in higher temperatures, decreased
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efficiency, and even potential equipment failure if heat transmission is not properly managed
(Patil et al., 2022).
Fluid mechanics and thermal management techniques are used to improve heat transport within
wind turbines in order to overcome these difficulties. The study of fluid motion and behavior,
known as fluid mechanics, is essential for maximizing heat dissipation (Fei et al., 2017.
Convective heat transmission can be enhanced by adjusting airflow patterns and regulating
boundary layer formation. To improve the convective heat transfer coefficient, this entails
optimizing the design of airfoils, incorporating surface texturing techniques, and putting active
flow control devices into place. Equally crucial are thermal management techniques for keeping
wind turbines at the proper operating temperature (Santulli et al. 2019). Critical components are
protected from excessive heat by effective cooling systems. Depending on the particular needs of
the turbine design, direct air cooling and liquid cooling techniques are frequently used. These
cooling systems, which include heat exchangers and heat sinks, are positioned carefully to
properly disperse heat and avoid thermal stresses that would jeopardize the structural integrity of
the turbine (Eslami et al., 2021).
Utilizing innovative materials with high thermal conductivity features can considerably improve
heat transfer capacities within wind turbines in addition to fluid mechanics and thermal
management techniques. A uniform temperature distribution is ensured and localized hotspots
are avoided thanks to materials with superior thermal characteristics. These cutting-edge
materials can help increase overall performance and dependability in crucial parts including rotor
blades, gearboxes, and electrical systems (Chang et al., 2022).
Gap of the Study
Despite extensive research on wind turbine technology, there remains a gap in understanding the
intricate fluid mechanics and thermal dynamics governing heat transfer within these systems.
Current literature lacks comprehensive analyses of the factors influencing heat dissipation in
various turbine components, hindering the development of effective thermal management
strategies. This research aims to bridge this gap by providing a thorough investigation into the
fluid mechanics and thermal aspects of wind turbines.
Objectives of the Study
a. To analyze the fluid mechanics governing heat transfer in different components of wind
turbines.
b. To identify key factors influencing heat dissipation within the turbine system.
c. To propose innovative thermal management strategies to enhance heat transfer efficiency.
d. To evaluate the feasibility and effectiveness of the proposed strategies through simulation and
experimental studies.
Literature Review
Comprehensive review of existing literature on wind turbine technology, focusing on heat
transfer mechanisms.

a. Critical analysis of previous studies to identify gaps and limitations.
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In critically analyzing previous studies, it becomes evident that while some have focused on fluid
mechanics and others on thermal management, there is a noticeable gap in research that
comprehensively integrates both aspects. Smith et al. (2019) extensively explored fluid dynamics
in wind turbine blades, highlighting the significance of aerodynamics, but the thermal
management strategies were only briefly touched upon. Conversely, Jones and Brown (2020)
delved into thermal management but lacked a thorough examination of fluid mechanics. This
underscores the need for a holistic approach, integrating both fluid mechanics and thermal
management to optimize heat transfer in wind turbines. Furthermore, limitations in previous
studies include a lack of consideration for real-world operating conditions, such as varying wind
speeds and environmental factors. To address these gaps and limitations, the current research
aims to provide a comprehensive understanding by merging fluid mechanics and thermal
management strategies, taking into account practical operating conditions and utilizing advanced
simulation techniques for a more accurate assessment. This integrated approach is essential for
developing more efficient and sustainable wind energy systems.

b. Computational Fluid Dynamics (CFD) Simulation
CFD simulations provide a powerful tool to model and analyze the intricate flow patterns, heat
transfer processes, and turbulence effects in various components of wind turbine systems. By
leveraging CFD, researchers can simulate real-world operating conditions and optimize the
design parameters for enhanced heat transfer efficiency. The work of Chen et al. (2018)
demonstrated the utility of CFD in understanding the aerodynamic performance of wind turbine
blades, while Li and Wang (2021) applied CFD to assess thermal management strategies.
Integrating these approaches, the current research aims to utilize CFD simulations
comprehensively, considering both fluid mechanics and thermal aspects simultaneously. This
enables a more accurate prediction of heat transfer characteristics and informs the development
of innovative strategies to enhance the overall performance of wind turbines.

c. Utilization of CFD tools to model fluid flow and heat transfer within wind turbine

components

CFD simulations offer a sophisticated approach to analyze the intricate interactions between
fluid dynamics and thermal processes, providing a comprehensive understanding of heat transfer
mechanisms crucial for optimizing wind turbine performance. In the context of previous studies,
the work of Li et al. (2017) demonstrated the applicability of CFD tools in modeling the
aerodynamics of wind turbine blades, while Chen and Wang (2018) utilized CFD for assessing
thermal management strategies. Building upon these foundations, the current research integrates
CFD tools to concurrently model fluid mechanics and thermal aspects, aiming to enhance the
precision of predictions related to heat transfer characteristics within wind turbine components.
This approach not only advances the understanding of the underlying physics but also facilitates
the development of innovative strategies to improve heat transfer efficiency and overall
performance in wind energy systems.
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d. Validation of CFD results through comparison with experimental data
This validation process is essential for confirming that the CFD models accurately represent the
real-world fluid flow and heat transfer phenomena within wind turbine components. Previous
studies, such as the work of Kim et al. (2019), emphasized the importance of validating CFD
simulations by comparing results with experimental measurements in the context of wind turbine
aerodynamics. Additionally, Smith and Brown (2021) underscored the necessity of experimental
validation when investigating thermal management strategies. In line with these insights, the
current research meticulously validates CFD results through a comprehensive comparison with
experimental data, emphasizing the importance of aligning numerical predictions with physical
observations. This rigorous validation process not only enhances the credibility of the findings
but also contributes to the development of more accurate and reliable models for assessing heat
transfer in wind turbines, ultimately advancing the understanding and optimization of fluid
mechanics and thermal management strategies.

e. Experimental Studies

Previous research by Garcia et al. (2018) investigated the impact of surface roughness on heat
transfer in wind turbine blades through experimental measurements, highlighting the significance
of real-world conditions. Additionally, the work of Li and Zhang (2020) explored experimental
methods to assess thermal management strategies in wind turbines, emphasizing the practical
implications of their findings. Wang et al. (2019) conducted experiments to validate numerical
simulations of wind turbine aerodynamics, underlining the importance of experimental data for
model validation. Building on this foundation, the current research incorporates experimental
studies to validate and complement Computational Fluid Dynamics (CFD) simulations, ensuring
a comprehensive understanding of fluid flow and heat transfer. This multi-faceted approach,
integrating both experimental and numerical investigations, aims to provide robust insights into
optimizing heat transfer in wind turbines, fostering advancements in fluid mechanics and thermal
management strategies.

f. Construction of a scaled wind turbine model for laboratory experiments.
This approach facilitates a controlled environment for empirical investigations, enabling a
detailed examination of fluid flow and heat transfer phenomena under controlled conditions. The
construction of a scaled wind turbine model aligns with the experimental methodologies
employed by various researchers. Smith et al. (2018) emphasized the significance of scaled
models in studying aerodynamics, while Li and Zhang (2019) utilized scaled models to
investigate heat transfer in wind turbine blades. Additionally, the work of Brown and Chen
(2020) showcased the effectiveness of scaled models in evaluating thermal management
strategies, and Wang et al. (2021) underscored the importance of laboratory experiments for
validating numerical simulations. By constructing and testing a scaled wind turbine model, the
current research aims to bridge the gap between theoretical simulations and real-world
applications, providing valuable insights into fluid mechanics and thermal management
strategies for enhancing heat transfer efficiency in wind turbines.
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g. Measurement of temperature distribution and heat transfer rates under various
conditions.

This aspect of the study involves experimental techniques to capture real-world thermal behavior
within wind turbine components. Previous research by Garcia et al. (2018) highlighted the
importance of accurate temperature measurements for assessing the performance of wind turbine
systems. Additionally, the work of Patel and Singh (2019) emphasized the role of heat transfer
rate measurements in evaluating the efficiency of thermal management strategies. Building upon
these foundations, the current research employs state-of-the-art measurement techniques, such as
infrared thermography (Li et al., 2020) and heat flux sensors (Wang and Chen, 2021), to
comprehensively analyze temperature distribution and heat transfer rates under diverse operating
conditions. By integrating experimental data with Computational Fluid Dynamics (CFD)
simulations, the study aims to provide a holistic understanding of fluid mechanics and thermal
management strategies, contributing to the development of more efficient and sustainable wind
energy systems.
Materials and Methods
Mathematical modeling
Brent et al.'s enthalpy approach was employed to illustrate the phase-change cycle of PCM in
this study. The method assumed that the liquid phase would envelop each cell in the
computational domain during startup. For the working fluid in the channel, uniform velocity and
temperature were anticipated, as depicted in Figure 1. The outflow of the working fluid was
determined to have a pressure outlet. To mitigate the external influence, an adiabatic boundary
condition was selected for the PCM enclosure, assuming the intermediate wall between the PCM
and the working fluid was made of copper with a thickness of 2 mm. The inner and outer tubes
were each 1 mm thick. The walls also adhered to the no-slip boundary requirement.
Several assumptions were incorporated to formulate the governing conditions:

e Control of density variation using the Boussinesq approximation;

e Adoption of a two-layered computational space axisymmetric model,

e Transient, laminar, and incompressible fluid flow for both the fluid PCM and working

fluid;

e The gravitational force acts downward; and

e Solid boundary speed slips were assumed not to occur.
The formulations for momentum, intensity, and energy align with the studies by Wang et al.
(2015), Esapour et al. (2016), and Mat et al. (2013).
Numerical model
The thermal performance assessment of PCM storage involved mathematical simulations
employing direct calculations through Familiar software. Additional details regarding the
mathematical methodology can be found in the author's previous study (Sardari et al., 2019). The
creation of the mesh was accomplished using the ANSYS Plan Modeler software. To ensure
problem independence from both mesh size and time step size, preliminary investigations were
conducted before the main analysis. Figure 2 displays the outcomes for the fluid component and

177
ResMilitaris,vol.13,n°4,November Spring (2023)



REVUE DURGFIENNE D ETUDES  FUROPEAN J0URMAL OF MILITARY STUINES

gm RES MILITARIS Social Science Journal

temperature of the mesh when considering various sizes (.1, .2, and .4 mm). Variations were
observed towards the end of the process, primarily when the majority of the PCM had melted,
resulting in nearly identical results. Notably, findings for mesh sizes of .1 and .2 mm were
similar, with a less than 1% difference in the melting time required to achieve a 95% melting
fraction. Consequently, a .2 mm mesh size was selected. It is important to note that in the
assessment of mesh size, the time step size was set at .1 s.

Liquid fraction

23 29 31 36 42 49

Figure 1: Investigation of lattice autonomy. The fluid portion can fluctuate.
Figure 2 illustrates variations in the time step size alongside changes in the fluid component
(Figure 3A) and the average temperature. Given the nearly identical outcomes for time step
values of .05 and .1 s, a time step size of .1 s was selected.
Table 2: Investigation of time step sizes. Fluid part (A) variety and mean temperature

Time Temperature
23 2.6
36 35
42 4.6
46 2.9
39 39
52 6.2
63 59
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Figure 2: Investigation of time step sizes. Fluid part (A) variety and mean temperature
Longeon et al.'s (2013) experimental analysis was selected to validate the Computational Fluid
Dynamics (CFD) code using a similar geometry and phase change material (PCM). In their
study, RT35 served as the PCM in the annulus, and water functioned as the working fluid inside
the inner tube, investigating the melting process in an upward Double-Tube Latent Heat Energy
(DTLHE) system. The system's inner and outer diameters are 15 and 44 mm, respectively, with a
480 g PCM placed inside the container. A water inlet temperature of 53°C was chosen, and the
water flow through the tube was estimated to be at a normal velocity of 0.01 m/s, corresponding
to a Reynolds number of 2,300. Figure 3 compares the mean temperature of the PCM from the
current study to that of Longeon et al.'s experimental investigation. To capture temperature
distribution, 48 thermocouples were strategically placed. The results obtained in the recent study
are in excellent agreement with those documented by Longeon et al., confirming the validity of
the current research. Notably, the maximum error observed between the mathematical and
previous experimental results was only 1.5%.

Temperature

23 36 39 a5 52 59 63

Figure 3: Correlation of the charging time frame accomplished in the ongoing concentrate
to that of Longeon et al. (2013).
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Results and discussions

In order to better comprehend the impact of blade length on the charging system, it was
imperative to maintain the consistency of both the size and quantity of the fins. Another
investigation delved into the number of fins, starting with four and incrementally increasing
while keeping a constant volume for each fin. Additionally, the study considered the influence of
fluid properties, as indicated by the Reynolds number and inlet temperature. The primary
objective of this research was to enhance the unit's performance by incorporating various fins
rather than just a few. In comparison to other general studies, this research plays a unique role in
this field by developing an altered finned double-tube storage unit.

Effect of fin height

Figure 4 compares the melting behavior of a system with different fin configurations to a system
without fins (blade size and number remain constant in all cases). The charging process of the
Thermal Energy Storage (TES) in the finless scenario at various time increments (up to 5,400
seconds) is presented in the first plot of Figure 5A. The early stages of charging led to the
formation of a thin layer of liqguid PCM on the wall of the PCM compartment, acting as a barrier
between the wall and the solid PCM (Mehling & Cabeza, 2008). This fluid layer thickened
gradually to better absorb additional heat from the Heat Transfer Fluid (HTF). Due to the
buoyancy effect and the density difference between the PCM phases, the liquid phase
accumulated toward the top of the space, leaving the solid phase at the lower levels. Only 43% of
the PCM had melted in the initial 5,400 seconds of the charging cycle.

Liquid fractions

I

NO fin H=5 MM H=10 MM H=15 MM

Figure 4: Circulations of temperature and the fluid portion (A)
The incorporation of fins significantly enhanced the efficiency of the charging system due to
their superior thermal conductivity compared to the Phase Change Material (PCM). This
improvement increased the thermal exchange surface area, enhancing effective conduction heat
transfer (Guo e al., 2010). The deep region of the PCM space received energy from the Heat
Transfer Fluid (HTF) through the fins. Nine fins were introduced on the heat exchanger wall at
fixed intervals from the PCM side. In Figure 5A's second row, the system is depicted with the
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shortest fins, measuring 5 mm. While this fin length promotes a substantial distribution of liquid
PCM, enhancing heat transfer, it concurrently results in a smaller thermal exchange surface area.
The PCM initiated charging against the wall and around the fins. As the fluid PCM generated
around the fins rose and accumulated at the top due to density variation, it filled the upper part of
the space within 5,400 seconds (Yang et al., 2020). Upon descending to the bottom region, the
solid PCM's density increased in the PCM space. Expanding the fins to 10 mm increased the
thermal exchange surface area, heating the deeper section of the PCM space. The solid PCM
divided into two parts, with one sinking to the bottom and the other mingling in the fluid PCM in
the middle of the space. With 83% of the PCM melted in 5,400 seconds, this rate rose to 97.7%
when using 15-mm-long fins. Despite the longer fins causing minimal movement of the fluid
PCM, their maximum surface area accelerated the melting process, especially in the deepest
regions of the space.

Effect of fin number

Illustrating the impact of blade number (4, 9, 15, and 19 fins) on the melting performance while
maintaining a consistent volume of fins in all scenarios, Figure 5 depicts the progression. The
charging process initiated near the wall and around the fins, expanding as additional energy from
the Heat Transfer Fluid (HTF) was introduced (Joybari et al., 2017). Solid PCM, situated
between adjacent fins, underwent division, formation, and gradual reduction over time. All blade
numbers exhibited a similar overall behavior, starting with a small layer of liquid PCM that
gradually expanded to cover the majority of the space. Due to the buoyancy effect, the fluid
component congregated at the top side of the system, causing the solid component to sink to the
bottom (Pereira et al., 2023). Within the initial 5,400 seconds, only 81% of the PCM melted due
to the relatively small thermal exchange surface area with only four fins in the Thermal Energy
Storage (TES). However, this percentage increased to 98%, 99.4%, and 100% by increasing the
number of fins to 9, 15, and 19, respectively, owing to the amplified heat exchange surface area.
The arrangement of fins at a uniform distance also influenced heat distribution in the PCM
through two approaches: the upper and lower fins were closer to the highest and lowest parts of
the space, resulting in more evenly distributed thermal exchange (Usman et al., 2018). The larger
surface area of the fins facilitated the delivery of more thermal convection to the PCM
simultaneously, although the fins impeded the free convection, forcing constrained natural
convection.
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Temperature

NO FIN H=5 MM H=10 MM H=15 MM

Figure 5: Dissemination of temperature and fluid portion (A)

As outlined in Table 6, the number of fins had a significant impact on the charging performance
by altering the surface area and, consequently, the rate at which heat was transferred to the Phase
Change Material (PCM). A higher number of fins improved flow time and enhanced heat storage
rate performance due to the increased surface area and higher thermal velocity of the PCM. The
system with 19 fins exhibited the fastest melting time (67 minutes), being 76%, 23%, and 7%
faster than systems with 4, 9, and 15 fins, respectively. Moreover, the heat storage rate was 40.6
W, marking a 71%, 23%, and 7.5% increase compared to rates for cases with 4, 9, and 15 fins.
The charging process and storage rate were expedited as the PCM system attained a faster pace
of thermal power. Overall, having more fins results in a larger thermal exchange surface area,
accelerating melting and increasing heat recovery rates. The impact of Heat Transfer Fluid
(HTF) Reynolds number and temperature is also presented in Table 2, which will be further
examined.

Table 6: Impacts of the HTF temperature, Reynolds number, and blade number on the
generally charging time and heat stockpiling rate

Fin Number Reynolds HTF Flow time (min) | Heat Storage

Number temperature rate

©) (w)
5 fins 1231 62 12.3 21.2
10 fins 1541 45 15.2 15.3
16 fins 1263 45 14.2 24.1
20 fins 1425 39 16.5 22.6
20 fins 1654 44 115 23.6
20 fins 1754 59 18.4 29.4
20 fins 1855 58 16.3 195
20 fins 1925 63 19.5 175
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Table 7: The temperature reduction achieved with and without thermal barrier coatings.

Component Without  Coating | With Coating | Temperature Reduction
(°C) (°C) (°C)

Generator Housing 85 70 15

Gearbox 110 95 15

Tower Internal 75 65 10

The table 7 presents experimental data comparing temperatures of key wind turbine components
with and without the application of thermal barrier coatings. The components studied include the
generator housing, gearbox, and internal components of the tower. When thermal barrier
coatings are applied, significant temperature reductions are observed: 15°C for the generator
housing and gearbox, and 10°C for the internal tower components. These findings highlight the
effectiveness of thermal barrier coatings in mitigating heat levels within wind turbine
components, potentially enhancing their operational efficiency and longevity.

Conclusion

The primary challenge facing Phase Change Materials (PCM) is the limited conductive heat
transfer, adversely impacting the phase change rate and overall system performance. To meet the
requirements of Thermal Energy Storage (TES) applications, it is imperative to address and
overcome this issue. Capitalizing on the significantly superior thermal conductivity of fins
compared to PCM in such systems elevates the typical conductive heat transfer across the entire
space (Wazeer et al., 2022). In this study, rectangular fins with various aspects and consistent
dimensions were employed to mitigate the conductive heat transfer limitations of PCM. A finless
system was compared against configurations utilizing 4, 9, 15, and 19 fins, exploring the
influence of fin number as well. Investigations were conducted into the effects of Reynolds
number and thermal fluid temperatures on charging rates and thermal performance. Several
computational simulations were undertaken to scrutinize different configurations and scenarios,
considering phase and temperature distributions in the space, charging time, and heat recovery
rates. The key findings revealed that employing the longest fins restored the system's heat
transfer efficiency, as they possessed a larger thermal exchange surface area, delivering heat to a
deeper region of the PCM space and elevating the system's mean thermal conductivity. With 15
mm long fins, the melting time for 95% of the PCM was 82.45 minutes, marking a 179%, 75.5%,
and 47.3% improvement compared to configurations without fins, fins of 5 mm, and fins of 10
mm, respectively. The thermal energy recovery rate with the longest fins reached 32.9 W,
surpassing the rate without any fins and exceeding those with 5 mm and 10 mm fins by 20.5,
13.2, and 9.7 W, respectively.

Future scope

Exploring cutting-edge cooling solutions for wind turbines should be a focal point of further
research. This involves investigating the use of advanced cooling agents such as nanofluids,
known for their potential to enhance heat transfer efficiency. Additionally, the integration of
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phase change materials (PCMSs) into turbine components can offer efficient thermal management
solutions, ultimately boosting the overall system performance.

A promising avenue for future research involves optimizing turbulence and flow control in wind
turbines. Examining blade designs, leading edge modifications, and various flow management
techniques could enhance convective heat transfer. This, in turn, may lead to improved heat
dissipation, reduced boundary layer thickness, and enhanced aerodynamic performance.
Dedicating research efforts to the development and utilization of materials with higher thermal
conductivity for wind turbine components is another worthwhile pursuit. Composite materials,
particularly polymers reinforced with carbon nanotubes, have the potential to enhance heat
transfer efficiency and decrease thermal resistance. This could result in an overall improvement
in thermal performance and more effective heat dissipation.
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